Introduction
Porous silicon is found in many applications, e.g. sensors, tissue engineering, medical therapeutics and diagnostics, photovoltage, rechargeable batteries, energetic materials, photonics and also in micro-electromechanical systems (MEMS) [1] . Depending on the pore sizes its structure can serve for filtration purposes from nano-to microfiltration. The filtration capacity depends mostly on the porosity, which -unfortunately -diminishes the strength, and consequently, the load bearing capacity of the system. Several reinforcement solutions are known to increase the bursting (critical) pressure of the structure, e.g. builtin extra layer having high strength (e.g. silicon-nitride, SiN), single-crystal silicon (cSi) columns, or the combination of them.
The investigated membranes are square-formed, made from a very thin perforated silicon-nitride (SiN) layer on a much thicker porous silicon (PS) layer, which is supported and reinforced by single-crystal silicon (c-Si) columns (Fig. 1 ).
The figure is not scaled, it only shows the structure of the filter membrane. Since this base structure is fabricated by a wet etching technology from a thick wafer, a very stiff thick silicon frame remains around the membrane.
Three main types of configuration have been fabricated, assigned by A, B and C (Fig. 2) . In order to obtain higher filtration rate the porosity should be as high as possible which diminishes the strength, and consequently, the load capacity of the device. This effect can be compensated by application of thicker SiN support layer and/or cSi-columns as a support grid within the PS-layer. Silicon and silicon-nitride are commonly considered as brittle elastic materials, therefore their two fundamental material parameters corresponding to strength and load bearing capacity are the elastic modulus and the fracture strength. The higher the porosity is, the less is the elastic modulus of the structure. On the other hand, the load bearing capacity can directly be characterized by the bursting pressure, which determines the fracture strength of the material. For high filtration large porosity is required; however, a good load bearing capacity is also desirable. Since porosity and large fracture strength contradict each other, one should find an optimal configuration. This optimum can be searched for by creating a performance index f, which is simply defined as a rate of the fracture strength (σ B ) and the elastic modulus (E). Largest value of this index shows the optimum.
Experimental work
The experimental set-up (Fig. 3) consists of a pressure box, where the test structure was put, a microscope and a camera.
The maximum deflection of the samples made from the base materials (cSi, SiN) has been detected by a computer connected to the camera, while the bursting pressure was registered by another computer connected to the manometer between the airpressure control unit and the pressure box (Fig. 4) .
Elastic moduli of the base materials have been determined analytically from the measured middle-point deflection using the elastic thin plate theory [2] . The effective elastic modulus needed for the performance index of the whole membrane was then calculated by a simple averaging method [3] from the elastic moduli of the upper layer and the cSi-reinforcement. The elastic modulus of the porous silicon layer was detemined by the simple formula
suggested by van Rijn [4] , where P is the porosity rate.
Fracture strength was calculated by using the maximum normal stress theory commonly applied for brittle materials:
where σ 1 is the maximum principal stress in the plate. Similarly to the calculation of E, an analytical estimate has been made for the relationship between the measured bursting pressure p crit and [2] . 3 Results and discussion A series of seven different structures have been produced from the three major types ( Table 1) .
One specimen was produced from Type A structure, 3-3 pieces from Types B and C. They differed in the side-length of the square plate (L), and the thicknesses of the upper SiN (h_SiN) and the porous silicon layer (h_PS), respectively. The thickness values are rounded to thousandts. Figure 5 shows the variation of the calculated elasticity modulus versus the the applied pressure in the case of the B1 structure.
It is clearly seen in Fig. 5 that a minimum pressure should be applied to obtain a stable material parameter. This can be explained by the uncertain measurement at very low pressure. Zooming-in to the right-hand part of the diagram the value of E becomes almost constant (Fig. 6 ), which proves this statement.
Similar feature have been experienced in the case of all other structures. Figure 7 shows the maximum deflection of the membrane as a function of the applied pressure for three typical structures (A, B2 and C3).
The last points in the graphs represent the bursting pressures of the chips. The diagram shows a slightly nonlinearity between w max and p, which is due to perforation of the upper layer. This nonlinearity has been already reported in [5] . Table 2 summarizes the numerical results for the calculated material parameters, as well as the performance indeces.
These results show that although structures of Type C do not contain added cSi-reinforcement, and consequently, their fracture strengths are much less, than those of the other two chip types, the resulting softness is compensated by much higher filtration ability. The applicability of this structure type highly depends on the working pressure of the filtered medium. If the 
pressure could be kept under 700 mbar (see Fig. 7 ), Type C would be chosen as optimum. For this type of structures the performance index is almost constant, which demonstrates the importance of the upper SiN-layer. The side length of the membrane and the thickness of the porous layer played much less role in the results.
Conclusions
The key issue in assessment of applicabilty of multi-layered micro or nanofilters is the determination of their elasticity modulus and fracture strength. Once we know them, the performance index helps us to choose the optimal design. In order to get stable E-values, the test pressure must exceed the minimum pressure. In our experiments this was about 60 mPa.
The ultimate strength can be determined from the bursting (critical) pressure, which is the principal quantity of load bearing capacity.
The presence of single crystal reinforcement columns leads to a clear decrease of maximum deflection (~ 1/E) and maximum normal stress (~ 1/p crit ). The fracture strength is mainly affected by the thickness of the upper silicon-nitride layer and is hardly modified by the thickness of the porous silicon layer. Among the pre-concepts of design, the structure of Type C showed the best performance index.
